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Abstract
The inherent nodal surface structure analysis approach is proposed for the six-
quark clusters with u, d and s quarks. The wave-functions of the six-quark clus-
ters are classified, and the contribution of the hidden-color channels are discussed.
The quantum numbers and configurations of the wave-functions of the low-lying
dibaryons are obtained. The states [ΩΩ](0,0+), [ΩΩ](0,2−), [Ξ
∗Ω](1/2,0+), [Σ
∗Σ∗](0,4−)
and the hidden-color channel ones with the same quantum numbers are proposed
to be the candidates of experimentally observable dibaryons.
PACS Numbers: 14.20.Pt, 03.65.Fd, 11.30.-j, 21.60.Gx
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1 Introduction
It has been known that quark degrees of freedom are essential to describe properties
of hadrons and the quantum chromodynamics(QCD) is the underlying theory for strong
interaction. One of the current issues in this field involves the attempt to derive the short-
range part of the nucleon-nucleon interaction from the quark-gluon degrees of freedom.
Unfortunately, it is now very difficult to make quantitative predictions with QCD at low
and intermediate energy region. Therefore various phenomenological models based on the
QCD assumptions, such as bag models[1], cluster model[2] have been developed.
With the MIT bag model, a dibaryon, namely the H particle, was predicted by Jaffe in
the later of 1970’s[3]. Thereafter many attempts have been made to search for dibaryons
in both theory and experiment, because it is an appropriate place to investigate the quark
behavior in short distance and to explore the exotic states of QCD. On the theoretical
side, almost all QCD inspired models (see for example Refs.[4, 5, 6, 7, 8, 9]), even the
QCD sum rules[10] and lattice QCD[11] predict that there exist dibaryon states. However,
no dibaryon state except for the deuteron has been well established in experiment up to
now. On the other hand, the theoretical predictions are quite far away from each other,
since different approaches take different models and interactions (at least the interaction
strength).
After Jaffe predicted the existence of the H particle(strangeness s = −2, JP = 0+)
as a color-singlet multi-quark system(qmqn, n + m > 3), Harvey developed a method
in cluster model[12], with which all the antisymmetric six-quark states with definite or-
bital and isospin-spin symmetries were classified. Meanwhile, many hidden-color channel
states which can not be represented in terms of free baryons were found. Unfortunately,
the constituents Harvey considered include only u and d quarks. In other words, the
strangeness of the system has not yet been taken into account. However, more and more
evidences proved that the system with non-zero strangeness may be more stable to exist as
a dibaryon(see for example Refs.[6, 8, 9, 13, 14]). It is then necessary to extend Harvey’s
framework to include s quarks and get a complete result.
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Along the way of the non-relativistic QCD, the concept of wave-function can be im-
plemented to describe many-quark states, and embodied in the non-relativistic quark
model[12, 15]. On the other hand, it has been known that analyzing the symmetric prop-
erty and the inherent nodal surface[16, 17, 18] is a quite powerful approach to investigate
few-body electron and nucleon systems. To neglect handling the complicated strong in-
teractions of the six-quark system in QCD and obtain model independent result, we will
then study the dibaryon states by extending Harvey’s algebraic framework and analyzing
the inherent nodal surface of the system in this paper.
This paper is organized as follows. Following this introduction, the symmetry of
the six-quark cluster which may include u, d and s quarks will be analyzed in Section
2. In Section 3, the quantum numbers of the possible six-quark states will be discussed
systematically by analyzing the inherent nodal surface structure of the system. In Section
4 and Section 5, we discuss the low-lying S-wave and P-wave states and the perspective
to search for dibaryons, respectively. Finally, a summary and some remarks are given in
Section 6.
2 Symmetries of the Six-quark States
The wave-function of six-quark systems can be written as the coupling of an orbital
part and an internal part, fulfilling the requirement that the total wave-function must be
antisymmetric, i.e. has a symmetry [16]. It has been well known that the system with u,
d and s quarks possesses the internal symmetry SUCFS(18) ⊃SUC(3)⊗SUF (3)⊗SUS(2).
Let [f ]O, [f ]C and [f ]FS be the irreducible representations (irreps) of the groups associated
with the orbital, color and flavor-spin space, respectively, we shall have
[16] ∈ [f ]O ⊗ [f ]C ⊗ [f ]FS. (1)
Although six-particle system in general does not impose any constraint on the orbital
wave-function, which may have any one of the symmetries listed in the first column of
Table 1, we should determine which choices are more favorable to binding and therefore
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more probable to exist as low-lying states.
The irrep [f ]CFS of the SU(18) can be reduced to [f ]C of SUC(3) and [f ]FS of SUFS(6)
with the standard method[19]. The lack of direct experimental observation of free “color
charge” suggests that not only the free baryons but also all the other observable states
should be SU(3) color singlet. We can thus restrict our study of six-quark systems to
those having color symmetry
[f ]C = [2 2 2]. (2)
Then we get the possible irreps [f ]FS as listed in Table 1.
It has been known that u, d and s quarks can construct eight free baryons: N, ∆, Σ,
Σ∗, Λ, Ξ, Ξ∗ and Ω. All of them are the building blocks of the dibaryons and have flavor-
spin symmetry [f ]FS=[3]. Thus it is reasonable to assume that the low-lying dibaryon
states which can be observed in experiments may have symmetry
[f ]FS ∈ [3]⊗ [3] = {[6], [5 1], [4 2], [3 3]}. (3)
These particular symmetries are shown by an asterisk in Table 1 for latter reference.
According to the subclassification of the symmetry SUFS ⊃Us(1)⊗SUT (2)⊗SUS(2),
we list the strangeness, isospin and spin for the six-quark systems in Table 2, where
both the two-baryon bound states and the hidden-color channel states (marked with CC)
are listed. Table 2 shows that there exist many hidden-color channel states in the six-
quark systems, whose SUFS(6) symmetry are the same as those of the two-baryon states.
Furthermore, all the states of the SUFS(6) symmetries without asterisks in Table 1 are
also“hidden-color” states in the cluster representation.
Furthermore, as a constituent of the low-lying dibaryons, each baryon is assumed to
be in its ground state. It turns out that all these ground states have orbital symmetry
[f ]O = [3]. It follows that in the cluster model, we can consider the six-quark system
whose orbital wave-functions hold the symmetry
[f ]O ∈ [3]⊗ [3] = {[6], [5 1], [4 2], [3 3]}, (4)
if only the two-baryon bound states are taken into account. If we include the hidden-
color channel states, the other orbital symmetries should consequently be deliberated.
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The realistic configuration of the orbital wave-functions should be fixed with the intrinsic
property of the system.
3 Nodal Structure Analysis of Low-lying Six-quark
States
The Schro¨dinger equation of multi-particle system can be written as:
Hψ(ξ) = Eψ(ξ) , (5)
where ξ is the set of variables, such as coordinates, spins and isospins. If G is the symmetry
group of the Hamiltonian H , in other words, H is invariant to the transformation Oˆ which
is an element of the group G, the eigenstates of the Hamiltonian can be classified with
the irreducible representation of G.
On the other hand, It has been known that if a state contains excited spatial oscilla-
tions (i.e., the orbital wave function contains nodal surfaces if observed in a body frame),
it would be higher in energy than the states not containing excited oscillations. For ex-
ample, the energy and the number n of nodals of the states in one-dimensional infinite
wall is En =
pi2h¯2(n+1)2
2ma2
, where a is the width of the wall and m is the mass of the particle.
Moreover, It has been found that there are two kinds of nodal surfaces. The first kind of
them depends on dynamics, while the second relies purely on symmetry. It means that
the second kind nodal surfaces are inherently contained in certain wave functions. Let Ψ
be an eigenstate of a quantum system, A denote a geometric configuration, in some cases
A may be invariant to a specific operation Oˆ, we have then
OˆΨ(A) = Ψ(OˆA) = Ψ(A) . (6)
For example, when A is a regular octahedron (OCTA, see Fig. 1) for a 6-body system,
A is invariant to a rotation about a 4-fold axis of the OCTA by 90◦ together with a
cyclic permutation of the particles 1, 2, 3 and 4. According to the representations of the
operation on Ψ, Eq. (6) can always be written in a matrix form and appears as a set of
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homogeneous linear equations. It is apparent that, whether there exists nonzero solution
of Ψ(A), in other words, whether the state Ψ is accessible to the configuration A, depends
on the inherent symmetric property of the configuration. The symmetry imposes then a
very strong constraint on the eigenstate so that the Ψ may be zero at A. It indicates that
there may exist a specific kind nodal surface, that is imposed by the intrinsic symmetry
of the system (fixed at body-frames) and independent of the dynamical property at all.
One usually refers such kind nodal surface (the second kind nodal surface mentioned
above) as inherent nodal surface (INS). It is apparent whether the INS would appear is
crucial to the low-lying energy spectrum of a quantum system. The inherent nodal surface
structure analysis approach has then been proposed for few-body electron and nucleon
systems[16, 17, 18].
For a six-quark system, the orbital wave function may contain many components.
Each of them is specified by a set of quantum numbers of inherent symmetry. Denoting λ
as a representation of the permutation group S 6, i a basis function of this representation,
M the Z-component of L, and g other quantum numbers, we can express the components
of the wave-function as F λ,iLMg(1 · · · 6). Defining a body-frame, we have the relation
F
λ,i
LMg(1 · · · 6) =
∑
Q
DLQM(−γ,−β,−α)F
λ,i
LQg(1
′ · · · 6′) , (7)
where DLQM is an element of the matrix of rotation, α, β and γ are the Euler angles
specifying the orientation of the body-frame, Q denotes the projection of L along the
third body-axis, (1 · · · 6) and (1′ · · · 6′) stand for that the coordinates are relative
to the laboratory frame and to the body-fixed frame, respectively. By analyzing the
inherent nodal surface structure of the system, we shall figure out which components are
advantageous to binding and thereby dominate the low-lying states in what follows.
The symmetric operation on a system includes usually rotation, space inversion, per-
mutation of the particles, and so on. According to the theory of space group, we can
classify the rotation axes into two kinds. If a geometric configuration contains a m-fold
axis of the first kind, the shape would be invariant with respect to a rotation about the
axis by the angle 2pi
m
. If it involves a m-fold axis of the second kind, the shape would
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be invariant with respect to the rotation together with a space inversion. In general, a
configuration containing at least one m-fold axis (m ≥2) is called a symmetric configura-
tion. The spatial symmetry of a geometric configuration is specified by the m-fold axes
contained in the configuration. For a six-quark system, there are many symmetric con-
figurations located everywhere in the coordinate space. However, as a quantum system,
not all the symmetric configurations are allowed, since some of them might be prohibited
by the emergence of the INS.
As an example, let OO′ be a 3-fold axis of a 6-body configuration as shown in Fig.1, one
can easily realize that a rotation about OO′ by 120◦ is equivalent to the cyclic permutation
of particles 2, 5, 3 and that of 1, 4, 6, respectively (see the figure). We have then
Pˆ (253)Pˆ (146)RˆOO
′
−120oF
λ,i
LQg(1
′ · · · 6′) = F λ,iLQg(1
′ · · · 6′) . (8)
The crucial point is that F λ,iLQg is a basis function of representations of both the spatial
rotation group and the permutation group. Hence, as the matrixes of representation of
the two operators are known, Eq. (8) can be written in a matrix form, and appears as a set
of homogeneous linear equations. It is well known that homogeneous equations might not
have nonzero solutions, which depends on whether the determinant of the matrix is zero.
The determinant depends on the λ and L. Once the determinant is nonzero, all the F λ,iLQg
(all i and Q) must be zero at this symmetric configuration disregarding the size of the
shape and the permutation of the particles at the vertexes of the shape. In other words,
an inherent nodal surface appears in these components of the symmetric configuration.
These components are then prohibited to get access to this shape.
Incidentally, if the m-fold axis belongs to the second kind, the constraint becomes
IˆPˆ RˆF
λ,i
LQg(1
′ · · · 6′) = F λ,iLQg(1
′ · · · 6′) , (9)
where Iˆ is the operator of space inversion.
Among all the symmetric configurations of a six-body system, the one having the
highest geometric symmetry (i.e., having the most m-fold axes) is the regular octahedron
(OCTA) as shown in Fig.1, where three 4-fold axes, four 3-fold axes, and six 2-fold axes
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are contained. Since each m-fold axis would cause a constraint, evidently the OCTA
is strongly constrained by symmetry. Only a small portion of quantum wave-functions
with specific λ and L can get access to it (i.e., the wave function is nonzero at it).
The accessibility of the OCTA turns out to be an important point. Once the OCTA
is accessible to a wave function, all the symmetric configurations with a lower geometric
symmetry in the neighborhood of the OCTA (for example, the prolonged-octahedron with
the shape being prolonged along k′, the deformed-octahedron with the particles 1, 2, 3
and 4 illustrated in Fig. 1 forming a rectangle or a diamond) are also accessible to the
wave-function. Consequently, the wave-function is able to distribute in a large domain
including the OCTA inside and free from the intervention of the INS. Such a case is highly
favorable to binding. Whereas if a wave function contains an INS, its energy will increase
drastically.
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Fig. 1 The regular octahedron.
The configuration with the second strongest geometric symmetry is that the positions
of the six quarks form a regular pentagon pyramid(PENTA, shown as Fig.2). In an
extreme case, the PENTA can be C-PENTA, which corresponds to that with h = 0
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in Fig. 2. It is evident that, if the C-PENTA is accessible, all the lower symmetric
configurations in its neighborhood (for instance, the PENTA) are also accessible, since
the restraints imposed by the configuration are much weaker.
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Fig. 2 The regular pentagon pyramid.
It is evident that if a state does not contain a collective excitation of rotation, i.e., the
angular momentum L is zero, it would be usually lower in energy than the state with L 6=0.
This is particularly true for the systems with a very small size whose energy E ∝ L(L+1)
r2
.
On the experimental side, it has been found that the ground states of 4 particles and 6
particles are always composed of components with L=0, while the resonances with L ≥1
have quite higher excitation energies (for a recent data compilation see Ref.[20]). It is
then reasonable to assume that the low-lying states of the six-quark system consist of
components with L = 0. Furthermore, the above discussion shows that all the low-lying
states in quantum mechanics are mainly composed of nodeless components. Therefore, if
we limit the problem to the low-lying states, it is an appropriate way to consider the S-
wave nodeless components. However, in view of the nucleon-nucleon collision, the P-wave
resonance may also be important.
Taking the way developed in Ref.[18], we obtain the nodeless accessibility (i.e. number
of the wave-functions) of the configurations OCTA and C-PENTA with Lpi = 0+, 1− and
the possible spatial permutation symmetry S6. The result is that only the irreps
[f ]O = {λ} ∈ {[6], [4 2], [2 2 2]} (10)
9
of the S6 for the S-wave states, and
[f ]O = {λ} ∈ {[5 1], [4 1 1], [3 3], [3 2 1], [2 2 1 1]} (11)
for the P-wave resonance are nodeless accessible to both the OCTA and the C-PENTA
configurations.
It has been shown that the sources of INS may exist in the quantum states. Nonethe-
less, there are essentially inherent-nodeless components of wave-functions (each with a
specific set of (Lpi, λ)). The identification of these particularly favorable components is
a key to understand the low-lying spectrum. Taking the standard method of irreducible
representation reduction, we get the quantum number spin(S), isospin(T ), total angular
momentum(J) and strangeness(s) of the S-wave states (Lpi = 0+) with S6 irreps [6], [4 2],
[2 2 2] and those of the P-wave states (Lpi = 1−) with S6 irreps [5 1], [4 1 1], [3 3], [3 2 1],
[2 2 1 1]. The obtained accessibility is listed in Table 3 for the S-wave states and in Table
4 for the P-wave states, respectively.
4 The low-lying S-wave states
From the above discussion, we find that, when a wave-function ΨLSλ possesses quantum
numbers (Lpiλ) = (0+[6]), (0+[4 2]), (0+[2 2 2]), it can access both the OCTA and the C-
PENTA. These and only these ΨLSλ are inherently nodeless components in the two most
important spatial configurations. They should then be the dominant components of the
S-wave low-lying states.
Because INS have no relation with dynamics, we can discuss the low-lying states
along the same line as that to discuss the nucleus 6Li[18]. Comparing the symmetry of the
dibaryons (S6⊗SUCFS(18)) with that of the nucleus
6Li (S6⊗SUTS(4)), one can easily infer
that these two kind six-body systems have the same geometric configurations. According
to the energy spectrum of 6Li, we can reach a conclusion that the states associating
with orbital symmetries [4 2] and [2 2 2] have lower energies than those with only [2 2 2]
symmetry. Extending the results to include the spatial symmetry [6], we can compare the
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energies of the states and deduce the low-lying ones.
4.1 The states with strangeness 0
From the above discussion we obtain that only the (Lpi, [f ]O) = (0
+, [6]) and (0+, [4 2])
components are nodeless accessible to the S-wave states. If the hidden-color channel
states are taken into account, the (0+, [2 2 2]) component is also allowed. From Table 3,
one can realize that the {isospin, spin} configurations (T, S) = (0, 1), (1, 0), (1, 2), (2, 1)
are the favorable ones since they are nodeless accessible to all the four orbital-{isospin,
spin} configurations. Meanwhile, the states with (T, S) = (0, 3), (3, 0) may also be the
low-lying dibaryon states since their nodeless accessibility is the second largest one.
For the state with quantum number (T, S) = (0, 1), both the [6] and [4 2] components
are available. Therefore, two T (Jpi) = 0(1+) partner states would be generated. Each
of them is a specific mixture of the [6] and [4 2] components. According to Harvey’s
result[12], we know one of them is the deuteron whose dominant orbital symmetry is [4 2].
Of course, this is the lightest stable dibaryon. Because of the interference between the [6]
and [4 2] components, there would be a gap between the partner states. The interaction
is spin-dependent and complicated, but we can expect this gap to be large since even
now there is no evidence for the existence of the partner of deuteron. Furthermore, since
the [2 2 2] component is also accessible, there may exist a hidden-color channel state with
(T, S) = (0, 1).
Referring to the order of states determined by considering the color-magnetic in-
teraction between quarks in quark models[3], we expect that, besides deuteron, the
(T, S) = (1, 0) state with dominant orbital symmetry [4 2] is the second lightest one, since
it has small spin and isospin. From Table 2 we know that it is mainly a NN dibaryon.
Since this state obeys the Pauli principle of two-nucleon systems((−1)L+S+T = −1), it
may decay into two protons if its energy is not low enough. Then the possibility for it to
be a stable bound state may be not very large. Meanwhile, the T (Jpi) = 1(0+) state also
has a partner with dominant orbital symmetry [6]. This state must have an energy much
higher than the [4 2] component, it will be more easily to decay, so we do not discuss it
at all.
Our result for the states with low isospin and spin is similar to that given in the
quark-delocalization and color-screening model (QDCSM)[21, 22], where it was concluded
that, besides deuteron, (T, S) = (1, 0) and (1, 1) are the next two lowest states and (1,
0) may be even a stable dibaryon if the interaction is suitable. With regard to the
state with (T, S) = (0, 3), it may correspond to the dibaryon d∗ proposed in the Los
Alamos potential model[23], the QDCSM[7, 22, 24, 25] and the Glauber multi-diffraction
model[26]. In addition, the presently proposed dibaryon states with (T, S) = (1, 2), (2, 1)
may correspond to the narrow dibaryons proposed (with mass 2122 MeV, 2150 MeV,
1956 ± 6 MeV, respectively) in the recent pp scattering experiments[27, 28]. However
the experimental data need to be re-analyzed more carefully since similar experiment
accomplished most recently[29] does not provide any data to support the result in the
other mass region in Ref.[27].
4.2 States with strangeness −5 and −6
It has been known that, when multi-quark system has a large strangeness, the S-wave
contribution is dominant. From Table 3, we find that (s, T, S) = (−5, 1
2
, 1), (−5, 1
2
, 0) and
(−6, 0, 0) are the three lowest states. From Table 2, one can obtain that the (−6, 0, 0)
component corresponds mainly to the state ΩΩ. The lowest states with strangeness −5,
(−5, 1
2
, 0), is Ξ∗Ω or a hidden-color state. Another low-lying state, (−5, 1
2
, 1), would be
ΞΩ or the coupling of ΞΩ and Ξ∗Ω.
From Table 3, one can also recognize that [ΩΩ](0,0+) has a dominant orbital symmetry
[4 2]. Its hidden-color partner, which has the same quantum number (T, S) but a different
orbital symmetry [6], might have such a high energy that it cannot be stable. However,
it can contribute to the mass of [ΩΩ](0,0+) in experiment, if its mass is not very large.
[Ξ∗Ω](1/2,0) also has a low-lying hidden-color partner and the result is the same as ΩΩ.
After the possibility of the s = −6 dibaryon was proposed in SU(3) chiral soli-
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ton model[8], more sophisticated calculations in the SU(3) chiral quark model[9] and
QDCSM[30] indicate that the [ΩΩ](0,0+) dibaryon may have binding energy Eb = 45 ∼
115 MeV. Recently, the color-singlet Ξ∗Ω (S = 0, 3), ΞΩ and their coupling Ξ∗Ω-ΞΩ (S =
1, 2) have also been studied in the chiral quark model[13]. It was found that, when S = 0,
Ξ∗Ω may be a dibaryon with binding energy Eb = 80.0 ∼ 92.4 MeV. When S = 1, ΞΩ
may also be a dibaryon with binding energy Eb = 26.2 ∼ 32.9 MeV. However, up to
now, there is still no evidence for the dibaryons with S = 2 or 3 to exist[13]. It indicates
that [ΩΩ](0,0) and [Ξ
∗Ω](1/2,0) are deeply bound dibaryon with narrow widths, whereas
[ΞΩ](1/2,1) and [ΞΩ-Ξ
∗Ω](1/2,1) are weakly bound only if the chiral field can provide an
attraction among the baryons. The present INS analysis result is consistent with these
numerical results very well.
It is worth to mention that some of these low-lying states may be hidden-color states.
Since the states have large strangeness, it is hard to produce them in proton-proton
collisions. However, strangeness production can be enhanced in heavy ion collisions[31],
especially at RHIC energies. The dibaryon [ΩΩ](0,0+) has been suggested as one of the
possible signals of quark-gluon plasma(QGP) due to the large gluon density and low
energy threshold for ss¯ formation[32, 33, 34]. The dibaryons [ΩΩ](0,0+) and [Ξ
∗Ω](1/2,0+)
may then be observed in this kind of experiments after careful discussion[9, 30].
4.3 States with strangeness −4
Table 3 indicates that if s = −4, the states with (T, S) = (0, 1), (1, 0), (1, 1) and
(1, 2) are the four low-lying states. Considering the spin-dependent interaction again,
we expect the (1, 0) state to be a stable one. According to Table 2, it is probably the
ΞΞ or Ξ∗Ξ∗ state. Unlike the strangeless state T (Jpi) = 1(0+), ΞΞ also associates with
orbital symmetries {5 1} and {3 3} in P-wave resonance. This indicates that ΞΞ’s energy
will not be small enough. The recent SU(3) chiral quark model calculation[35] gave the
similar result that it may be a weakly bound state whose binding behavior depends on
the contribution of the chiral field. According to Table 2, the (1, 0) state may be the Σ∗Ω
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state, too. However, until now there is no numerical result of this state. We then suggest
that relevant calculation and discussion are necessary.
4.4 States with strangeness −1, −2 and −3
From Table 3 one can easily recognize that almost all the states with s = −1, −2, −3 are
associated with the orbital symmetries [6], [4 2] and [2 2 2] except for (s, T, S) = (−2, 0, 3).
It is then difficult to rank them.
It has been well known that the six-quark system holds the symmetry S6⊗SUCFS(18).
According to group theory, we can classify the quantum states basing on the group re-
duction S6 ⊗ SUC(3) ⊗ SUS(2) ⊗ SUT (2) ⊗ Us(1), and obtain the quantum numbers of
spin, isospin and strangeness. The states determined in this way are always referred to as
in the “symmetry” basis. On the other hand, we can classify the states of the six-quark
system in pairs of free baryons(e.g. NN, ΩΩ and so on) and hidden-color channel states
with explicit quantum numbers. These are referred to as in the “physics” basis. The
“symmetry” basis can be transformed into the “physics” basis, and such a transforma-
tion causes couplings among the states in “symmetry” basis. When s = 0, −5 and −6,
the couplings are simple, the states expressed in the “physics” basis present the main
properties of those in the “symmetry” basis. Then the energies of the low-lying “physics”
states are much different from each other. Nevertheless, when s = −1, −2 and −3, the
couplings are so complicated that many low energy states (with nodeless wave-functions)
in the “symmetry” basis contribute to one “physics” state. This makes it difficult to sep-
arate each “symmetry” state in experiment, since we can only measure the “physics” one.
Meanwhile, due to the coupling, not only low-lying states, but also higher energy states
will combine together. In this sense, the fact that the H-particle (s = −2) predicted more
than 20 years ago has not yet been observed in experiments may be attributed to that
several “symmetry” states with higher energies combine in the “physics” state and make
its structure much more complicated. In fact, several theoretical and experimental results
in the same spirit have been proposed in the last few years. For example, it has been found
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that when some minor effects are included, the H dibaryon’s mass will raise and become
above the ΛΛ threshold[11, 36, 37]. However, right now we can’t conclude that there do
not exist stable dibaryon when s = −1, −2 and −3 until we get accurate quantitative
results about the couplings. After all, we should notice that this is an important effect
when we discuss the H particle and other dibaryon with a medium strangeness.
5 The low-lying P-wave states
In view of the baryon-baryon collision, not only the bound states but also the low-lying
resonances are important. Moreover, although we have found some states with low ener-
gies from the above discussion, we do not have knowledge about whether they are lower
than the threshold of open channels. Hence, we can not understand whether they are
really bound. Considering the resonance, one knows that the main feature is its width.
If the energy is higher than the threshold of open channels, the width is too broad. Then
the resonance can not be detected, and the existence of such a resonance is meaningless.
When the broadness of the width is taken into account, the relative P-wave collision is
even more important than the S-wave collision for creating narrow low-lying resonances,
since there exists a centrifugal barrier which would help to keep the orbital wave function
in the interior region. Therefore, in addition to the L = 0 case having been discussed
above, we have to study the case of L = 1 as follows.
By calculating the determinants of the matrixes of the homogeneous linear equations
(as in Eqs.(8) and (9)) the inherently nodeless components of a six-quark system with
L = 1 and pidib = − can be identified. We obtain then the accessible orbital symmetries
as listed in Eq.(11). Accordingly, the favorable components with Lpi = 1− and fulfilling
all the Eqs.(1)∼(4), (8) and (9) are the three having symmetries
[f ]O ⊗ [f ]C ⊗ [f ]FS ∈ {[5 1]⊗ [2 2 2]⊗ [4 2], [3 3]⊗ [2 2 2]⊗ [6], [3 3]⊗ [2 2 2]⊗ [4 2]} .(12a)
If we go beyond the constraint in Eq. (4), we have the other possible building blocks of
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the P-wave resonance
[f ]O ⊗ [f ]C ⊗ [f ]FS ∈ {[4 1 1]⊗ [2 2 2]⊗ [4 2], [3 2 1]⊗ [2 2 2]⊗ [5 1],
[3 2 1]⊗ [2 2 2]⊗ [4 2], [2 2 1 1]⊗ [2 2 2]⊗ [4 2]} . (12b)
This indicates that there may also exist some non-two-baryon states, namely the hidden-
color channel states.
Since L = 1 states may always have energies larger than L = 0 states, we can take
the configuration (strangeness, isospin, spin) = (s, T, S) as the possible candidates of P-
wave dibaryon only if it accesses to the P-wave component but not to the S-wave one.
Looking over Table 4 and Table 3 together, one can recognize that the configurations
(s, T, S) = (−6, 0, 1), (−4, 0, 0), (−2, 0, 3), (0, 0, 0), (0, 0, 2), (0, 2, 0), (0, 1, 3), (0, 3, 1)
and (0, 3, 3) might be the low energy L = 1 states. Taking the Pauli principle into
account, we find that the states with the configuration (s, T, S) = (−4, 0, 0), (0, 0, 0),
(0, 0, 2), (0, 2, 0), (0, 1, 3), (0, 3, 1) and (0, 3, 3) can decay into two baryons easily. One can
thus obtain that there are only two lowest P-wave states: (T, S) = (0, 1) with s = −6 and
(T, S) = (0, 3) with s = −2. Considering the characteristic of the spin-orbital interaction
among quarks (see for example Ref.[38]), one can identify that, when the S and L are
fixed, the state with higher J may have lower energy. The possible Jpi of the above two
states may then be 2−, 4−, respectively. From Table 2, one can infer that they are the
(ΩΩ)(0,2−), (Σ
∗Σ∗)(0,4−) states and the hidden color channel states with the same quantum
numbers.
Even though the configuration (s, T, S) = (0, 0, 1) is accessible to the S-wave compo-
nent (with multiplicity 5) and its multiplicity to access the P-wave is only 1, it is still
worth being discussed, since bag-string model and chiral quark model calculations[4, 5, 39]
and some experiments[40] show that there may exist dibaryon state with exotic quantum
numbers L = 1, T (Jpi) = 0(0−) (denoted as d′). Since d′ does not obey the Pauli prin-
ciple, it is a hidden-color channel state and does not simply decay into two baryons.
In the present INS analysis, among the seven P-wave [f ]O ⊗ [f ]FS configurations, only
[3 2 1] ⊗ [5 1] is the nodeless component accessible to the (s, T, S) = (0, 0, 1) state. The
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d′ may then not have a low energy due to the emergence of INS. Once d′ has low energy,
it must hold a dominant component with orbital symmetry [f ]O = [3 2 1]. However, this
orbital symmetry has not yet been discussed in the chiral quark model[39]. Moreover,
the QDCSM calculation indicates that the dibaryon d′ may involve more complicated
structure[41]. Then, more careful investigations may be interesting to check the existence
of d′ further.
Since spin-dependent quark-quark interactions can lower the energy of the excited
s4p2 state and raise the energy of the s6 state[39], the dibaryon states d∗ (with T (Jpi) =
0(3+))[7, 22, 23, 24, 25, 26] and d′ are considered to have energies lower than S-wave
(T, S) = (1, 0) state. In view of that all the s = 0 states are very near the pipi thresh-
old, one could easily reach a conclusion that, except for the deuteron, all of the S-wave
dibaryons with s = 0 have energies higher than d′. However, the inelastic scattering ex-
periments pp ⇒ ppi+X [27], pp ⇒ Xγγ[28] and quasielastic-charge-exchange experiment
pα⇒ nppd, pppnn[42] give very slight evidence for narrow dibaryon d′, and the quantum
numbers (T, Jpi) = (0, 0−) for d′ should be carefully reexamined[27]. Furthermore, the
most recent pp⇒ pppi+pi− measurements[29] indicates that the so called dibaryon d′ may
not exist at all. The result of very small accessibility obtained in the present analysis may
provide a reason to understand such a contradiction. In contrast, the large accessibility of
the (T, S) = (0, 3) state discussed in the last section provides a clue that the d∗ dibaryon
may be observed in experiment.
Referring the states with large accessibility as the states favorable to binding, we obtain
finally the candidates of low-lying dibaryons from the above discussion. The results are
listed in Table 5.
6 Summary and Remarks
We have studied a kind exotic QCD state, namely the dibaryon states, in this paper.
Taking the dibaryons as six-quark clusters with u, d and s quarks, we have discussed
the symmetries of the states. After investigating the inherent nodal surface of the system
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based on symmetry analysis, we obtain the quantum numbers of the low-lying S-wave and
P-wave states. Meanwhile the hidden-color channel states are discussed. It shows that
although several states with strangeness s = 0 may have low energy, there is probably
no stable S-wave dibaryon except deuteron. If the strangeness is large, however, there
may exist stable dibaryon states. [ΩΩ](0,0+), [Ξ
∗Ω](1/2,0+), [Ξ
∗Ω](1/2,1+) and [ΞΩ](1/2,1+) are
proposed to be the candidates of stable dibaryons. [ΞΩ-Ξ∗Ω](1/2,1+) and [ΞΞ](1,0+) are
low-lying states, too. However, they may be not stable enough. We also find that two
important P-wave resonances (s, T, S) = (−6, 0, 1), (−2, 0, 3) may be stable and have
low energy. Nevertheless, the d′ with (s, T, S) = (0, 0, 1) is not a favorite candidate of
dibaryon in the present analysis. It is evident that these results agree very well with
those obtained in various numerical calculations and experimental observations. In the
case that s = −1, −2 and −3, it is difficult to determine the low-lying states since many
such kind states are associated with each other. This kind mixing may be the reason for
that the H-particle has not yet been observed in experiment convincingly.
Combining our present analysis and the previous numerical calculations, we conclude
that the S-wave dibaryon states [ΩΩ](0,0) and [Ξ
∗Ω](1/2,0) may be observed in the RHIC
experiments since they are the stable low-lying states. Meanwhile, the P-wave states
[ΩΩ](0,2−) and [Σ
∗Σ∗](0,4−) may also be observed as the dibaryon candidates. Since all
of them may contain hidden-color channel state couplings, we propose that observing
the states with hidden-color channels may be an appropriate branch to explore dibaryon
states. In addition, the dibaryon d∗ may also be observed in experiment.
Finally, it is remarkable that the presently proposed INS analysis approach is just a
mathematical realization of the intrinsic property of the underlying physics. No dynamics
is included at all. The results obtained are then model independent. However, it can give
only qualitative predictions. To obtain concrete knowledge about dibaryon states, for in-
stance their binding energies, decay widths, one should implement dynamical calculations
definitely. Therefore, combining the dynamical calculation and INS analysis together is
much more efficient in exploring dibaryons and other multi-quark cluster states.
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Table 1: The flavor-spin symmetries corresponding to each possible orbital symmetry with color
singlet restriction.
Orbital (S6) SU(6)FS
[6] [3 3]∗
[5 1] [4 2]∗, [3 2 1]
[4 2] [5 1]∗, [4 1 1], [3 3]∗, [3 2 1], [2 2 1 1]
[4 1 1] [4 2]∗, [4 1 1], [3 2 1], [2 2 1 1]
[3 3] [6]∗, [4 2]∗, [3 13], [2 2 2]
[3 2 1[ [5 1]∗, [4 2]∗, [4 1 1], [3 13], [3 2 1]2, [2 2 1 1], [2 14]
[3 13[ [4 1 1], [3 3]∗, [3 2 1], [3 13], [2 2 1 1]
[2 2 2] [4 1 1], [3 3]∗, [3 13], [2 2 1 1], [16]
[2 2 1 1] [4 2]∗, [3 13], [2 2 2]
[2 14] [3 2 1], [2 2 1 1]
[16] [2 2 2]
23
Table 2: Classification of the states with asterisks in table 1
strange states (isospin, spin)
0
N2 (0, 0), (0, 1), (1, 0), (1, 1)
∆2 (0, 0), (0, 1), (0, 2), (0, 3), (1, 0), (1, 1), (1, 2), (1, 3),
(2, 0), (2, 1), (2, 2), (2, 3), (3, 0), (3, 1), (3, 2), (3, 3),
N∆ (1, 1)2, (1, 2)2, (2, 1)2, (2, 2)2
CC (0, 0), (0, 1), (0, 2), (0, 3), (1, 0), (1, 1)2, (1, 2)2,
(1, 3), (2, 0), (2, 1)2, (2, 2), (3, 0), (3, 1),
−1
NΛ (1/2, 0)2, (1/2, 1)2
NΣ (3/2, 0)2, (3/2, 1)2, (1/2, 0)2, (1/2, 1)2
NΣ∗ (3/2, 1)2, (3/2, 2)2, (1/2, 1)2, (1/2, 2)2
∆Λ (3/2, 1)2, (3/2, 2)2
∆Σ (5/2, 1)2, (5/2, 2)2, (3/2, 1)2, (3/2, 2)2, (1/2, 1)2, (1/2, 2)2
∆Σ∗ (5/2, 0)2,(5/2, 1)2, (5/2, 2)2,(5/2, 3)2, (3/2, 0)2, (3/2, 1)2,
(3/2, 2)2, (3/2, 3)2, (1/2, 0)2, (1/2, 1)2, (1/2, 2)2, (1/2, 3)2
CC (1/2, 0)3, (1/2, 1)6, (1/2, 2)5, (1/2, 3)2, (3/2, 0)3, (3/2, 1)6,
(3/2, 2)4, (3/2, 3), (5/2, 0)2, (5/2, 1)3, (5/2, 2), (5/2, 3)
−2
Λ2 (0, 0), (0, 1)
Σ2 (0, 0), (0, 1), (1, 0), (1, 1)
Σ∗2 (0, 0), (0, 1), (0, 2), (0, 3), (1, 0), (1, 1), (1, 2), (1, 3)
Σ∗Σ (0, 1)2, (0, 2)2, (1, 1)2, (1, 2)2
NΞ (0, 0)2, (0, 1)2, (1, 0)2, (1, 1)2
NΞ∗ (0, 1)2, (0, 2)2, (1, 1)2, (1, 2)2
∆Ξ (1, 1)2, (1, 2)2, (2, 1)2, (2, 2)2
∆Ξ∗ (1, 0)2, (1, 1)2, (1, 2)2, (1, 3)2, (2, 0)2, (2, 1)2, (2, 2)2, (2, 3)2
CC (0, 0), (0, 1)4, (0, 2)4, (0, 3), (1, 0)7, (1, 1)4,
(1, 2)9, (1, 3)2, (2, 0)5, (2, 1)9, (2, 2)5, (2, 3)2
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(Table 2 continued)
strange states (isospin, spin)
−3
NΩ (1/2, 1)2, (1/2, 2)2
∆Ω (3/2, 0)2, (3/2, 1)2, (3/2, 2)2, (3/2, 3)2
ΛΞ (1/2, 0)2, (1/2, 1)2
ΛΞ∗ (1/2, 1)2, (1/2, 2)2
ΣΞ (1/2, 0)2, (1/2, 1)2, (3/2, 0)2, (3/2, 1)2
Σ∗Ξ (1/2, 1)2, (1/2, 2)2, (3/2, 1)2, (3/2, 2)2
ΣΞ∗ (1/2, 1)2, (1/2, 2)2, (3/2, 1)2, (3/2, 2)2
Σ∗Ξ∗ (1/2, 0)2, (1/2, 1)2, (1/2, 2)2, (1/2, 3)2,
(3/2, 0)2, (3/2, 1)2, (3/2, 2)2, (3/2, 3)2
CC (1/2, 0)6, (1/2, 1)9, (1/2, 2)5, (1/2, 3),
(3/2, 0)5, (3/2, 1)6, (3/2, 2)3, (3/2, 3)2
−4
ΛΩ (0, 1)2, (0, 2)2
ΣΩ (1, 1)2, (1, 2)2
Σ∗Ω (1, 0)2, (1, 1)2, (1, 2)2, (1, 3)2
Ξ2 (0, 0), (0, 1), (1, 0), (1, 1)
Ξ∗Ξ (0, 1)2, (0, 2)2, (1, 1)2, (1, 2)2
Ξ∗2 (0, 0), (0, 1), (0, 2), (0, 3), (1, 0), (1, 1), (1, 2), (1, 3)
CC (0, 0)2, (0, 1)4, (0, 2)4, (1, 0)3, (1, 1)6, (1, 2)3, (1, 3)
−5
ΩΞ (1/2, 1)2, (1/2, 2)2
ΩΞ∗ (1/2, 0)2, (1/2, 1)2, (1/2, 2)2, (1/2, 3)3
CC (1/2, 0)2, (1/2, 1)3, (1/2, 2)
−6
Ω2 (0, 0), (0, 1), (0, 2), (0, 3)
CC (0, 0), (0, 1)
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Table 3: Multiplicity of the accessibility of the S-wave nodeless components [f ]O ⊗ [f ]FS
s S T [6]⊗ [3 3] [4 2]⊗ [5 1] [4 2]⊗ [3 3] [2 2 2]⊗ [3 3]
0
0 0 0 0 0 0
0 1 1 1 1 1
0 2 0 0 0 0
0 3 1 0 1 1
1 0 1 1 1 1
1 1 0 1 0 0
1 2 1 1 1 1
1 3 0 0 0 0
2 0 0 0 0 0
2 1 1 1 1 1
2 2 0 1 0 0
2 3 0 1 0 0
3 0 1 0 1 1
3 1 0 0 0 0
3 2 0 1 0 0
3 3 0 0 0 0
−1
0 1/2 1 2 1 1
0 3/2 1 1 1 1
0 5/2 1 0 1 1
1 1/2 2 3 2 2
1 3/2 2 3 2 2
1 5/2 1 1 1 1
2 1/2 2 1 2 2
2 3/2 1 3 1 1
2 5/2 0 2 0 0
3 1/2 1 0 1 1
3 3/2 0 1 0 0
3 5/2 0 1 0 0
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(Table 3 continued)
s S T [6]⊗ [3 3] [4 2]⊗ [5 1] [4 2]⊗ [3 3] [2 2 2]⊗ [3 3]
−2
0 0 2 2 2 2
0 1 1 2 1 1
0 2 2 1 2 2
1 0 1 2 1 1
1 1 4 5 4 4
1 2 1 2 1 1
2 0 2 1 2 2
2 1 2 3 2 2
2 2 1 2 1 1
3 0 0 0 0 0
3 1 1 1 1 1
3 2 0 1 0 0
−3
0 1/2 1 2 1 1
0 3/2 2 1 2 2
1 1/2 3 4 3 3
1 3/2 2 3 2 2
2 1/2 2 3 2 2
2 3/2 1 3 1 1
3 1/2 0 1 0 0
3 3/2 1 1 1 1
−4
0 0 0 0 0 0
0 1 2 1 2 2
1 0 2 2 2 2
1 1 1 2 1 1
2 0 0 2 0 0
2 1 1 3 1 1
3 0 0 1 0 0
3 1 0 1 0 0
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(Table 3 continued)
s S T [6]⊗ [3 3] [4 2]⊗ [5 1] [4 2]⊗ [3 3] [2 2 2]⊗ [3 3]
−5
0 1/2 1 0 1 1
1 1/2 1 1 1 1
2 1/2 0 2 0 0
3 1/2 0 1 0 0
−6
0 0 1 0 1 1
1 0 0 0 0 0
2 0 0 1 0 0
3 0 0 0 0 0
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Table 4: Multiplicity of the accessibility of the P-wave nodeless components [f ]O ⊗ [f ]FS
s S T
[5 1]⊗
[4 2]
[4 1 1]
⊗[4 2]
[3 3]
⊗[6]
[3 3]
⊗[4 2]
[3 2 1]
⊗[5 1]
[3 2 1]
⊗[4 2]
[2 2 1 1]
⊗[4 2]
0
0 0 1 1 1 1 0 1 1
0 1 0 0 0 0 1 0 0
0 2 1 1 0 1 0 1 1
0 3 0 0 0 0 0 0 0
1 0 0 0 0 0 1 0 0
1 1 2 2 1 2 1 2 2
1 2 1 1 0 1 1 1 1
1 3 1 1 0 1 0 1 1
2 0 1 1 0 1 0 1 1
2 1 1 1 0 1 1 1 1
2 2 1 1 1 1 1 1 1
2 3 0 0 0 0 1 0 0
3 0 0 0 0 0 0 0 0
3 1 1 1 0 1 0 1 1
3 2 0 0 0 0 1 0 0
3 3 0 0 1 0 0 0 0
−1
0 1/2 2 2 1 2 2 2 2
0 3/2 2 2 0 2 1 2 2
0 5/2 1 1 0 1 0 1 1
1 1/2 4 4 1 4 3 4 4
1 3/2 4 4 1 4 3 4 4
1 5/2 2 2 0 2 1 2 2
2 1/2 3 3 0 3 1 3 3
2 3/2 3 3 1 3 3 3 3
2 5/2 1 1 1 1 2 1 1
3 1/2 1 1 0 1 0 1 1
3 3/2 1 1 0 1 1 1 1
3 5/2 0 0 1 0 1 0 0
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(Table 4 continued)
s S T
[5 1]⊗
[4 2]
[4 1 1]
⊗[4 2]
[3 3]
⊗[6]
[3 3]
⊗[4 2]
[3 2 1]
⊗[5 1]
[3 2 1]
⊗[4 2]
[2 2 1 1]
⊗[4 2]
−2
0 0 1 1 0 1 2 1 1
0 1 4 4 1 4 2 4 4
0 2 1 1 0 1 1 1 1
1 0 4 4 1 4 2 4 4
1 1 6 6 1 6 5 6 6
1 2 4 4 1 4 2 4 4
2 0 2 2 0 2 1 2 2
2 1 5 5 1 5 3 5 5
2 2 2 2 1 2 2 2 2
3 0 1 1 0 1 0 1 1
3 1 1 1 0 1 1 1 1
3 2 1 1 1 1 1 1 1
−3
0 1/2 3 3 0 3 2 3 3
0 3/2 2 2 1 2 1 2 2
1 1/2 6 6 1 6 4 6 6
1 3/2 4 4 1 4 3 4 4
2 1/2 4 4 1 4 3 4 4
2 3/2 3 3 1 3 3 3 3
3 1/2 1 1 0 1 1 1 1
3 3/2 1 1 1 1 1 1 1
−4
0 0 2 2 0 2 0 2 2
0 1 1 1 0 1 1 1 1
1 0 2 2 0 2 2 2 2
1 1 4 4 1 4 2 4 4
2 0 2 2 1 2 2 2 2
2 1 2 2 1 2 3 2 2
3 0 0 0 0 0 1 0 0
3 1 1 1 1 1 1 1 1
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(Table 4 continued)
s S T
[5 1]⊗
[4 2]
[4 1 1]
⊗[4 2]
[3 3]
⊗[6]
[3 3]
⊗[4 2]
[3 2 1]
⊗[5 1]
[3 2 1]
⊗[4 2]
[2 2 1 1]
⊗[4 2]
−5
0 1/2 1 1 0 1 0 1 1
1 1/2 1 1 0 2 1 2 2
2 1/2 2 1 1 1 2 1 1
3 1/2 0 0 1 0 1 0 0
−6
0 0 0 0 0 0 0 0 0
1 0 1 1 0 1 0 1 1
2 0 0 0 0 0 1 0 0
3 0 0 0 1 0 0 0 0
Table 5: Quantum numbers of the candidates of low-lying dibaryons with L = 0 and L = 1
s S T L pi J [f ]O ⊗ [f ]FS
0 1 0 0 + 1 [6]⊗ [3 3], [4 2]⊗ [5 1], [4 2]⊗ [3 3], [2 2 2]⊗ [3 3]
0 3 0 0 + 3 [6]⊗ [3 3], [4 2]⊗ [3 3], [2 2 2]⊗ [3 3]
0 0 1 0 + 0 [6]⊗ [3 3], [4 2]⊗ [5 1], [4 2]⊗ [3 3], [2 2 2]⊗ [3 3]
−5 0 1
2
0 + 0 [6]⊗ [3 3], [4 2]⊗ [3 3], [2 2 2]⊗ [3 3]
−5 1 1
2
0 + 1 [6]⊗ [3 3], [4 2]⊗ [5 1], [4 2]⊗ [3 3], [2 2 2]⊗ [3 3]
−6 0 0 0 + 0 [6]⊗ [3 3], [4 2]⊗ [3 3], [2 2 2]⊗ [3 3]
−2 3 0 1 − 2, 3, 4 [5 1]⊗ [4 2], [4 1 1]⊗ [4 2], [3 3]⊗ [4 2],
[3 2 1]⊗ [4 2], [2 2 1 1]⊗ [4 2]
−6 1 0 1 − 0, 1, 2 [5 1]⊗ [4 2], [4 1 1]⊗ [4 2], [3 3]⊗ [4 2],
[3 2 1]⊗ [4 2], [2 2 1 1]⊗ [4 2]
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